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PURPOSE. To investigate mathematically and experimentally the sources of errors in localization of COMS-type plaques in melanoma brachytherapy when using ultrasound and transillumination and to give recommendations to avoid such errors.
METHODS.
A computer-aided simulation tool was developed to model the errors seen in the patient images when using ultrasound imaging and transillumination during localization of the COMS-type plaque in melanoma brachytherapy. Several laboratory experiments were performed on sheep eyes to confirm the validity of the error sources and the simulator outputs. Results were compared to the intraoperative ultrasonographic patient images for validation.
RESULTS. Based on mathematical modeling and computer simulation results, transillumination provides acceptable accuracy for small to medium tumors with less than 7-mm height but shows poor accuracy as the tumor height increases. In ultrasound imaging, two sources of error are predicted in longitudinal scan using our computer simulation modeling, and the results are supported by the experiments on sheep eyes and patient images taken during the operation. Both errors are related to the lens. The first error is due to attenuation and refraction of the lens causing opaque areas and a change of curvature in the image of the plaque edge that is nearest to the lens. The second type of error is related to the total internal reflection from the lens.
CONCLUSIONS. The simulation method presented in this article allows quantitative assessment of the sources, mechanisms, and measures of errors in localization of the CMOS-type plaques by ultrasound and transillumination techniques. Errors predicted by the simulation method are validated by experiments. Error assessment by this method provides guidelines for avoiding such errors.
Keywords: ultrasound, transillumination, brachytherapy P laque brachytherapy has been proven to be an effective treatment for choroidal melanoma. 1 In this method, a plaque made of gold alloy (or other radioactive shielding substances), which in most cases contains radioactive seeds, is sutured onto the sclera and left in place for a few days until the appropriate dose of radiation is delivered to the tumor. [2] [3] [4] [5] It is important for the plaque to be properly aligned with the tumor so that the correct radiation dose is delivered to the tumor. Before placing the actual plaque, a dummy plaque is used to mark the appropriate place of suturing the actual plaque. During the operation, based on the predetermined position of tumor, a muscle may be placed on a hangback suture to give more flexibility to the surgeon for placing and suturing the plaque. Then, using transillumination, the margins of tumor are marked on the sclera and a dummy plaque is temporarily sutured to the sclera. In this procedure, a fiber-optic light is placed against the sclera on the side of the eye opposite the tumor so that the tumor's shadow can be seen and its position marked. However, in some cases it may not be possible to place the light source on the other side of the eye across from the tumor. Using ultrasonography, the accuracy of the position of the dummy plaque is examined and required adjustments are performed before suturing the actual plaque with radioactive seeds. For mostly anterior tumors, transillumination is easier, as the physician has accessibility to the sclera adjacent to the tumor. On the other hand, posterior tumors are harder to mark using transillumination due to physical accessibility. In these cases, indirect ophthalmoscopy 6 can be used to delineate the anterior edge.
Ultrasound is useful in imaging of mostly posterior tumors where transillumination is difficult. 7 In some cases, however, we have observed that one edge of the plaque is not well defined, which makes the accurate placement of the plaque more difficult. This tends to happen in longitudinal scans of tumors that are anterior to the equator. In these situations, it can appear as if the plaque does not adequately cover the tumor, even though other localization methods, such as transillumination and indirect ophthalmoscopy, suggest the plaque is correctly placed.
Previous research has described a variety of techniques for verification of plaque placement. One technique involves transillumination of the plaque's edges 8, 9 ; a similar technique uses light-emitting diodes mounted on the plaque instead of a Copyright 2013 The Association for Research in Vision and Ophthalmology, Inc. www.iovs.org j ISSN: 1552-5783 fiber-optic light pipe. 10, 11 In addition, there have been several reports that have been written about the use of ultrasound to verify plaque placement [12] [13] [14] ; however, no mention has been made of possible limitations involved or errors that may arise.
In this article, we developed a computer-aided simulation based on the mathematical modeling of the ultrasound wave propagation within the layers of the eye. This simulation tool is used to explore possible causes of the problems encountered with ultrasound imaging. The errors that are predicted by the simulation are verified by ex vivo experiments. For this purpose, excised sheep eye samples are used in an attempt to reproduce the situation in which it is difficult to accurately image the plaque. The results of our computer simulations, laboratory experiments, and actual intraoperative ultrasonographic patient images are then compared. We also mathematically evaluated the errors that might occur with transillumination in brachytherapy. The advantages of each imaging method in relation to the tumor size and anatomic location are highlighted.
METHODS Transillumination Errors
To quantify the amount of error due to distortion of the tumor shadow during transillumination, a computer simulation was developed using MATLAB programming language (MathWorks, Inc., Natick, MA). In this simulation, the transilluminator was modeled as an omni-directional point source attached to sclera. The simulator determined the location of the tumor's shadow on the sclera and evaluated three kinds of error. The first error, which we call diameter error, is defined as the difference between the actual tumor basal diameter and the basal diameter of its shadow on sclera. In Figure 1a this error is quantified as the difference between D 1 and D 2. The second error, called displacement error, is defined as the difference between the center of the actual tumor and the center of its shadow. In Figure 1b these two centers are marked as points a and b, respectively, where E 1 indicates the displacement error. Finally, we define the corner error as the difference between the corner of the tumor and the corner of its shadow at the side that the surgeon uses for plaque adjustment. This error is shown as E 2 in Figure 1c . Among these three errors, the corner error is of greatest importance. This is because during an operation, only the edge of the tumor is visualized and positioning of the light source at the opposite side defines the extent of this error.
Ultrasound Errors
During intraocular melanoma surgery, a 10-to 20-MHz B-scan ultrasound probe suitable for examining the eye is used. Due to FIGURE 1. Depiction of the different transillumination errors. (a) Diameter error is defined as the difference between actual tumor diameter and the diameter of its shadow. This is equivalent to the difference between D 1 and D 2 . (b) Displacement error is defined as the difference between the center of the actual tumor and the center of its shadow. These two centers are marked as points a and b, respectively, where E 1 indicates the displacement error. (c) Corner error is defined as the difference between the corner of the tumor and the corner of its shadow at the side the surgeon uses for plaque adjustment. This error is shown as E 2 . the limited field of view, it is essential to place the probe on the opposite side of the area to be examined to have a complete image, as shown in Figure 2a . This is not always possible because of the physical limitations imposed by the orbit and nose, which prevents the probe from becoming properly positioned, especially for mostly anterior tumors. Another limitation of its use is due to the lens. Because of high attenuation of ultrasound waves by the lens, the probe is always placed on the sclera such that the lens is bypassed. As described in later sections of this article, there are situations in which the ultrasound beam might pass through the lens or bounce off the lens due to total internal reflection. These two major sources of error during intraoperative imaging of brachytherapy are illustrated in Figures 2b and 2c , respectively.
A two-dimensional ultrasound beam-tracing simulator was developed to model the refraction and attenuation within the different ocular layers. For simplification, the different layers of the eye are modeled as circles and the physical parameters are chosen based on the average size of a human eye. 15 The lens is modeled as the intersection of two circles with different diameters and centers. This model does not include all anatomical parts and it comprises only those parts affecting the ultrasound signal significantly. Each beam is assumed to be emitted from an ultrasound point source positioned closely on the sclera. Due to varying speeds of the ultrasound waves in different layers, refraction takes place in each interface. The incident and outgoing angles are related according to Snell's refraction law:
where h i and h o are the incident and outgoing angles respectively measured with respect to the perpendicular line on the interface at point of incident, and v 1 and v 2 are the velocities of ultrasound wave in layers 1 and 2, respectively. An example of this phenomenon is given in Figure 3 , where the velocity of an ultrasound wave in medium 2 is less than the velocity of the wave in medium 1.
As the ultrasound beam passes through the different layers, its power drops according to the following equation
where P i is the signal power at the end of i th layer relative to the source power P 0 and measured in dB scale, a i is the attenuation coefficient in dB/mm, r i is the beam path length in the i th layer in mm, and P iÀ1 is the power at the end of (i À 1) th layer relative to the source power and is measured in dB scale. The values for the attenuation coefficients of different parts of the eye can be found in Reference 16. From the ultrasound view point, the metal plaque should act as a strong specular reflector. However, due to the presence of the filling and the seeds, it also acts as a defused scatterer that bounces the ultrasound in many directions. For this reason, we have modeled the plaque as a combination of specular reflector and diffused scatterer with random distribution. Each point of the plaque is designated as either a reflector or a scatterer with equal probability. A specular reflector reflects the ultrasound beam at an angle that mirrors the incident angle. Hence, when the incident angle is wide enough, the reflected beam misses the transducer, which results in loss of the signal. On the other hand, the signal from a diffused scatterer can be detected almost regardless of the beam orientation.
To simulate different errors, the plaque is placed in its optimal position behind the tumor and the simulator forms the synthetic ultrasound image based on the emission angle, the round trip traveled distance, and the attenuation along the path. For visualization purposes, unlike the usual ultrasound Bmode images, the brightness of each point in the image is inversely gray scaled according to the received signal power. The following example illustrates the performance of the software. . Few artifactual spots are visible behind the plaque, which are due to indirect reception of the ultrasound beams. In such cases, the effective path length is longer than the direct reflection path; hence, the result is seen as a deeper structure behind the plaque. Figure 4 shows how the ultrasound image is simulated. To model the limited area of the probe, beams received more than 5 mm away from the center of the probe are discarded. Figure  4a shows the mechanism in which the simulator generates the ultrasound beams using a three-layer model for the eye. We have included the retina, choroid, and sclera with thicknesses of 0.2 mm, 0.4 mm, and 0.4 mm, respectively. A 0.02-degree difference between two consecutive beams is used. The simulation predicts some artifactual spots behind the plaque. These spots are due to alternative beam paths, such as a beam reflected by the plaque then re-reflected by the lens before reaching the probe (see Fig. 4a ). The situation shown in Figure   4 can be used to model either longitudinal or transverse scan modes, as the physical properties are the same.
Human Images and Experiments on Sheep Eye
The results of the developed simulation were compared against the patient images taken during an operation. We also developed a phantom using a sheep eye, because its size and properties are close to those of a human eye. A dummy plaque was placed on top of the sheep eye close to equator and the combination was cast in gel inside of a plastic container such that the anterior part was accessible for placing the probe. The 
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RESULTS Transillumination
To quantify the transillumination errors, we applied our simulation to different tumor heights. The light angle is measured relative to the point 180 degrees opposite of the center of the tumor. The diameter error, the displacement error, and the corner error for a tumor with a diameter of 10 mm and different heights are shown in Figure 5 . Figure 5a depicts the location/size of the simulated tumors. From Figures  5b and 5c , it can be seen that as the tumor height increases, both the diameter error and the center error increase. Figure  5d , which can be regarded as the actual localization error, shows that the deviation of the light source from its optimal position/direction can largely increase the error. It can also be concluded that the transillumination error can be minimized by adjusting the position and direction of the light source but it increases remarkably as the tumor height increases if the light source is not positioned optimally. This figure also shows that the corner error is negligible (less than 1 mm) as long as the tumor height is less than 7 mm and the light source is positioned not more than 25 degrees away from its optimal location.
Ultrasound
Refraction Errors. Refraction in ultrasound beams can cause some errors, as the image formation method used in Bmode ultrasound does not account for any bending of the beams. Because this type of error depends on the angle of incident of ultrasound beam on sclera, a simulation was performed such that the position of the probe on sclera is fixed but the direction of the probe can be slightly changed so as to generate different incident angles. We call this slight probe direction change the steering angle, where steering angle of zero corresponds to the situation where probe is perfectly tangential to the sclera. In this simulation, the displacement error in the imaging of a point on the retina is simulated using our simulator. Figure 6 shows the displacement error in millimeters and, as can be inferred, the error is less than 0.2 mm in the range of 620 degrees steering angle variations and thus this error can be ignored.
Errors Due To Lens Attenuation and Refraction.
Simulator Results. To illustrate the effect of the lens, we consider the following example.
Consider a longitudinal ultrasound image of a plaque behind an anteriorly located (anterior to the equator) medium-size tumor with a base diameter of 14 mm and apical height of 4 mm that is modeled using our simulator. The simulator uses 0.02 degrees of resolution for forming the ultrasound image. Figure 7 shows the situation in which the ultrasound probe is placed in the wrong position and the beams pass through the lens. Figure 7a shows the beam model that helps to understand the formation of different artifacts, whereas Figure 7b depicts the formed image. From Figure 7b it can be noticed that all the back-scattered signals from the parts behind the lens are highly attenuated and the corresponding image is not clear.
The other unwanted effect is related to the refraction properties of the lens. Due to the high curvature of the lens, the image of the parts behind the lens is distorted and shifted, which can be seen in Figure 7b . Although this effect is similar for both the tumor and the plaque, it causes an error in the estimation of tumor diameter: the main parameter that the surgeon relies on for adjustments when not seeing both sides of the plaque in the ultrasound image. We call this image distortion effect by lens the refraction artifact.
Experiment on Sheep Eye. A 10-MHz probe with an overlying sterile sleeve was used to image the plaque in the sheep eye phantom in the longitudinal mode. The result is shown in Figure 8 . Multiple reflections between the plaque back wall and front edge caused fanning of the ultrasound image, which is known as comet tail artifact. 17 Despite its name, this type of artifact helps the surgeon in identifying the edges of the plaque. From Figure 8 , it can be seen that the lens severely attenuates the ultrasound signal, which causes a dark area behind it and completely eliminates the comet tail on the opposite end of the plaque. A change of curvature of internal layers of the eye behind the lens also can be seen, which we anticipate to be due to lens refraction artifact.
Human Studies. The artifacts due to beams passing through the lens seen in the simulations and animal experiments were also identified in some real images taken during surgery on a patient with a medium-sized choroidal melanoma. Figure 9 shows the longitudinal ultrasound image of an anteriorly positioned tumor with an overlying COMS-type plaque. The high attenuation due to the lens obscures the comet tail artifacts, which are an indicator of the plaque edge. There is also a change of curvature in the image of internal aspects of the eye due to the refraction effect of the lens.
Errors Due To Lens Total Internal Reflection. Simulator Results. To show the possibility of total internal reflection and its potential errors, we consider the following example.
A tumor/plaque complex that extended from the equator anteriorly is simulated. The tumor has a base diameter of 14 mm and height of 4 mm. As seen in Figure 10a , the beams that reflect inside the vitreous alight on the posterior layers of the eye in angles different from the straight-line direction (region A) and cause an artifact (ghost image) in region B. Indeed, the total internal reflection artifact is a mirrored version of part of the plaque and the tumor.
Experiment on Sheep Eye. Using the sheep eye phantom with the dummy plaque placed anterior to the equator, we examined the possibility of total internal reflection. Figure 11 shows the resulting image in which an artifact similar to the computer simulation result seen in Figure 10b can be recognized. As the brightness of the artifact behind the plaque is high, we anticipate that due to total internal reflection, the ultrasound beams have reflected off the lens rather than passing through it, in which case they would have been highly attenuated.
DISCUSSION
This article presents a novel quantitative approach in analyzing the sources and mechanisms of errors in localization of the plaques used in melanoma brachytherapy. Two main modalities, transillumination and ultrasound, are investigated in this study. Using a mathematical model, we confirmed by simulations that transillumination error highly depends on the size and shape of the tumor and the position and direction of the light source, such that the deviation from the optimal position can cause considerable errors even for medium-size tumors. We showed by examples that transillumination provides acceptable accuracy for small to medium tumors with less than 7-mm height.
Using a simple ultrasound wave propagation model and computer simulation, we then investigated the possible sources of errors in ultrasound imaging. We showed that the error due to refraction of ultrasound waves is negligible and posteriorly located tumor/plaque can be accurately localized using B-mode scan. As the tumor location becomes more anterior, physical limitations prohibit optimal probe positioning. This, in turn, causes the lens to become the main barrier for accurate imaging. In the transverse mode, due to inherent symmetry of the lens, the operator can bypass it and avoid any possible artifacts. On the other hand, in longitudinal images, two major sources of error are possible: imaging through the lens and total internal reflection from the lens. Both can cause errors in interpretation of the correct location of the plaque relative to the tumor. Using software simulation and laboratory experiments, we showed the condition under which lens errors occur. Imaging through the edge of the lens was seen clinically. The total internal reflection error predicted by our simulator was seen only in laboratory experiments, but it is a potential source of error that can appear in imaging of the human eye from specific angles.
The Table summarizes all different types of errors when using transillumination or ultrasound, with hints and recommendations to identify and avoid such errors. The ultrasound errors are only for the longitudinal imaging, as in transverse mode errors can be identified by symmetry.
Using the information listed in the Table, we recommend using ultrasound imaging as a reliable modality for posterior tumors where the lens can be easily bypassed in both transverse and longitudinal scans and transillumination is hardly possible. On the other hand, as the tumor location becomes more anterior, the longitudinal images become less reliable due to artifacts caused by the lens. Because anterior tumors are easier to access by the surgeon, transillumination or other methods, such as indirect ophthalmoscopy, may be used to verify the accuracy of positioning and avoid potential errors from ultrasound localization. With transillumination, as the tumor height increases, the positioning error increases, such FIGURE 11 . Artifacts due to total internal reflection from the lens into vitreous in imaging of a plaque in a sheep eye phantom (longitudinal).
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